The "Streptococcus milleri" (SMG) group have been shown to possess factors in vitro that may be involved in pathogenesis. All SMG strains are able to bind fibronectin via a cell-surface protein; the binding ranged from 12 to 198 mol/cell. Strains also bound to platelet-fibrin or fibrin clots and fibrinogen, giving maximum adhesion values of 16.5 %, 21.8 YO and 151 mol/cell respectively. Members of the species S. constellatus produced thrombin-like activity. Lancefield group C SMG aggregated rat platelets, a bacterial cellsurface protein acting as mediator in the reaction. Most of the in-vitro factors did not correlate with each other, an indication that SMG strains possess a wide variety of pathogenic properties that may be involved in the production of abscesses or endocarditis. However, there was a correlation between the binding of large amounts of fibrinogen ( > 100 mol/cell) and the ability to aggregate platelets. This suggests that fibrinogen binding may aid in platelet aggregation.
Introduction
The " Streptococcus milleri" group (SMG) consists of three species-S. anginosus, S. intermedius and S. ons st ell at us.^-^ Members of the SMG produce purulent abscesses in many areas of the body including the mouth, brain and spleen? They account for 9-15 % of all communi ty-acquired endocarditis5 and have been shown to produce caries in gnotobiotic rats.' Although able to cause severe disease, SMG strains constitute part of the normal flora of the human oral cavity, upper respiratory and gastrointestinal tract^.^^ 6* ' 9 The three species may be associated with different diseases within the body; for example S. interrnedius strains are more likely to be isolated from dental plaque than other species, and strains causing urogenital infections or dental periapical abscesses are usually S . anginosus. 2' SMG strains isolated from abscesses adhere in greater numbers to buccal epithelial cells and strains isolated from infections in the body, including abscesses, are able to bind more fibronectin than other strains.1° The amount of fibronectin bound by strains is related to their ability to adhere to saliva-coated hydroxyapatite. lo Furthermore, strains can produce enzymes that may hydrolyse connective tissue components.' Recent data have demonstrated that strains possessing Lancefield group C polysaccharides are able to bind large amounts of albumin'l and this may be related to their ability to aggregate human platelets. 12 There are several stages in the development of endocarditis, the first stage of which is damage to the surface endothelium. This damaged surface accumulates platelets, fibrin, fibrinogen and fibronectin and forms vegetations that act as foci for infection. Bacteria that enter the blood stream then bind to the platelet-fibrin aggregates and further deposition of platelets and fibrin occurs. Eventually, the bacterialplatelet-fibrin aggregates become so large that they restrict the normal functioning of the heart valves. Bacterial products may also contribute to heart-valve destruction. The production of abscesses may follow a similar course, with bacterial adherent to epithelial or endothelial cells the first step, then deposition of platelets and fibrin. 13 The aim of the present study was to examine strains for properties in vitro that may relate to their ability to produce endocarditis or abscesses in uivo.
Materials and methods

Bacterial strains
Strains chosen belonged to each of the three SMG species ; certain strains within each species crossreacted with antisera to Lancefield polysaccharides. The site of isolation of strains is given in table I. Strains were grown in Brain-Heart Infusion Broth (BHI; Oxoid Ltd, Sydney, Australia), for 18 h at 37OC, washed three times in phosphate-buffered saline (PBS) (NaCl 8g/L KC1 0.2 g/L, Na,HPO, 1.15 g/L, KH,PO, 0.2 g/l) and finally resuspended in PBS to an OR 66(, value of 1-0 (unless otherwise indicated).
Binding to rut Jibronectin and fibrinogen
The assay used to measure the ability of strains to bind 1 p g of fibronectin (Fn) has been described previously.'o 1251-labelled Fn was allowed to bind to washed cell suspensions (5 x lo8 cells, suspended in PBS containing bovine serum albumin 1 O/ O w/v and Tween 20 0.05 O h v/v) for 30 min at 37°C. The cells were then centrifuged and the amount of radioactivity associated with the cell pellet was measured. Cells were also tested for fibronectin binding after digestion of the cell surface with the protease, (1 mg/ml; Sigma) for 1 h at 37"C, with subsequent extensive washing in buffer to remove the enzyme. Certain strains were examined for their ability to bind 1251-labelled rat fibrinogen. The method was as described above, but with the substitution of 1 pg of 1251-fibrinogen for the fibronectin.
Hydrophobicity
A standard method', was used to measure the relative hydrophobicities of the strains. Washed cells (3.0 ml) were mixed for 60 s with 200 p1 of hexadecane. The percentage hydrophobicity was measured as the decrease in optical density of the aqueous phase compared to controls with no hexadecane added. The effect of bound fibronectin on bacterial cell-surface hydrophobicity was determined after allowing cells to bind fibronectin (see above). Cells were washed three times in PBS to remove unbound fibronectin and resuspended in the original volume of PBS.
Production of thrombin-like activity
Thrombin-like activity was measured with the fluorescent substrate N-t er t -but oxy car bony 1 (B0C)-Val-Pro-Arg-7-Amido-4-methylcoumarin (AMC, a synthetic substrate for thrombin-like activity ; Sigma). The substrate was dissolved in a minimum of dimethylsulphoxide and diluted in 50 mM N-Tris (hydroxymethyl) methyl-2-aminoethenesulphonic acid buffer, pH 7-5 (TES) to 100 pg/ml. A suspension of whole bacterial cells suspended in TES to an OD,,, of 0.1 (50 pl) was mixed with 20 p1 of substrate and incubated for 24 h at 37°C. Substrate degradation was visualised by measuring the release of the fluorogenic compound under uv illumination.
Adhesion of strains to platelet-fibrin or fibrin clots
Rat platelet-fibrin clots were made by the addition of CaCl, (0.1 M final concentration) to 7-5 x lo7 platelets in plasma in a 96-well microtitration plate. Blood was obtained from rats by exsanguination of the heart under anaesthesia. Fresh blood was mixed immediately with 0.1 M trisodium citrate (9 : 1 vol : vol) and centrifuged at 1009 for 20min at 20°C. The supernatant platelet-rich plasma (PRP) was removed and the remaining blood was centrifuged at 3000 g for 10 min to give platelet-poor plasma (PPP). Fibrin clots were made by adding 100 pl of PPP and 50 pl of CaC1, (final concentration of 0.1 M ) to wells in a 96 well microtitration plate. The clots were allowed to form at 37°C for 2 h and 4°C for 18 h. Clots were then washed with PBST, three times.
The bacteria were grown for 18 h in BHI containing yeast extract 0.5% w/v in the presence of 3H-thymidine 2pCi/ml. Cells were washed in PBS containing Tween 20 0.05 % v/v and bacterial cells (100 pl, OD,,, Oel), suspended in PBST, were added to individual clots. The bacteria and clots were incubated for 1 h at ambient temperature. Subsequent extensive washing (three times) in PBST removed the nonadherent cells. The clots were then removed from the wells and added to scintillin prior to P-counting. The amount of binding was expressed as a percentage of the radioactivity compared with 100 pl of bacterial cell suspension.
Aggregation of rat platelets
Six strains were selected to be tested for their aggregation of platelets on the basis of differences seen in thrombin-like activity, fibronectin binding and adhesion to clots. Washed bacteria were concentrated four-fold, giving a standard suspension of 4 x lo9 cells/ml. Blood was obtained from rats by exsanguination of the heart under anaesthesia. Fresh blood was mixed immediately with 0.1 M trisodium citrate (9: 1 v01:vol) and centrifuged at 100 g for 20min at 20°C. The supernate (PRP) was removed and the remaining blood centrifuged at 30009 for 10min to give PPP. PRP was adjusted with PPP to give an OD,,, of 0.5. A standard reaction mixture of 0.25 ml of fresh PRP and 0.25 ml of bacterial suspension was tested at 37°C with controlled stirring on a recording aggregometer (Chrono-log Corp.). After a baseline was established with PRP, the bacterial suspension was added to the cuvette. ADP was added to PRP suspensions as a positive control for normal platelet aggregation and also after incubation of bacteria and platelet for 22 min to test the degree of aggregation seen. Strains were also tested for plateletaggregating ability after protease treatment of the cell surface (see above).
Statistical analysis
Statistical differences between data sets were evaluated by the package SPSS and analysed by the Mann-Whitney U-test.
Results
Binding offibronectin to strains and the efect on cellsurface hydrophobicity Table I1 demonstrates the ability of strains to bind to rat fibronectin. Strains within each species showed a wide variation. S. anginosus F4 produced the greatest level of binding, 10% of total added fibronectin whereas S. anginosus NHM 10 bound only 1 YO.
Protease treatment of the cell surface resulted in significant reductions in fibronectin binding. Most strains showed > 80% reduction in binding and all showed 2 45 % reduction after protease treatment (table 11) .
The cell-surface hydrophobicity of all strains was increased by 3-36 YO after binding fibronectin. However, the amount of fibronectin binding did not correlate with the increase in hydrophobicity. For example. S. anginosus F4 bound the most fibronectin, 10% 1 pg, and gave a 36% increase in cell-surface hydrophobicity when fibronectin was bound to the cell surface, whereas S. intermedius C5 gave the second highest degree of binding to fibronectin (8-5%), but with an increase of only 5 % in the cell-surface hydrophobicity in the presence of fibronectin.
Production of thrombin-like activity
Only strains of S. constellatus produced thrombinlike activity. This was seen as blue fluorescence when cell suspensions were viewed under uv light.
Adhesion of strains to platelet-fibrin or fibrin clots
All strains were able to adhere to the platelet-fibrin or fibrin clots (table 111) . For platelet-fibrin clots, the 
Aggregation of rat platelets
All strains tested showed some reaction when added to platelet-rich plasma (figure). After the addition of ADP at 22 min, increased platelet aggregation was seen with strains POW 5, POW 3 and F4, that gave the lowest values. Protease treatment eliminated the platelet-bacterial interaction for all strains. A control of ADP, added after 22 min, aggregated platelets, an indication that they were still in a functional state.
There was no correlation between the ability to aggregate platelets and the ability to adhere to plateletfibrin clots. Strain C5 aggregated platelets and yet gave a low level of adhesion to platelet-fibrin clots, whereas strain C17221-1 aggregated platelets and gave a high degree of adhesion to platelet-fibrin clots. The three strains that showed the greatest adhesion to fibrinonogen ( > 100 mol/cell) could aggregate platelets completely. There was no relationship between species and ability to adhere to clots.
Discussion
This study has shown that SMG strains display a range of characteristics that may be important pathogenic determinants in the formation of both abscesses and endocarditis. Previous studies have demonstrated associations between certain types of SMG and diseases. For example, S. intermedius strains are commonly isolated from brain abscesses and hyaluronidase-producing strains are more commonly isolated from abscesses.15 S. anginosus is more likely to be isolated from urogenital or dental abscesses,2~ The present study did not find any significant differences among the three species with respect to protein binding or adhesion. S. constellatus was the only species able to produce thrombin-like activity, the Lancefield group C strains were the only strains capable of aggregating platelets.
The ability to bind to fibronectin has been shown previously to be related to adhesion of SMG to salivacoated hydroxyapatite and the isolation of strains from infections.1° It is now clear that the binding of fibonectin is mediated by proteins on the cell surface and that fibronectin binding increases the cell-surface hydrophobicity of strains to varying degrees. The ability of Staphylococcus aureus strains to bind fibronectin is correlated with their ability to invade the body16 and fibronectin associated with fibrin clots promotes the adhesion of S. aureus to the cl0t.l' Mutants of S. aureus that showed a reduction in binding to fibronectin also showed reduced adhesion to rat heart values.l* For the viridans streptococci, it has been shown that inactivation of fibronectin binding by transposon mutagenesis results in a reduced virulence of strains in the rabbit model of endocarditis.lg Furthermore, for group C streptococci isolated from wounds, fibronectin or the C-terminal domain was critical for adhesion to fibrin clots.20 It has been demonstrated that bacteria coated with fibronectin are more easily phagoycytosed by polymorphonuclear leucocytes or macrophages.21* 22 Thus the binding of fibronectin to bacteria may have a dual role, allowing the bacteria to adhere to surfaces and also in the promotion of ingestion of bacteria by host defence cells.
The ability of strains to adhere to clots may also be a pathogenic determinant, as the first step in the production of endocarditis is considered to be deposition of platelets and fibrin clots on the heart valve, followed by bacterial adhesion. Recent evidence has shown that S. sanguis strains that bind to plateletfibrin clots are more virulent in a rat model of end~carditis.~~ In the present study, there was no direct relationship between fibronectin and clot binding. However, strains are able to bind to fibrinogen, and it may be that strains bind to platelet-fibrin clots by the use of a combination of fibrinogen and fibronectin-binding mechanisms as well as adhesion to fibrin or platelets.
The production of thrombin-like activity may indicate the possession of another biochemical characteristic that is correlated with disease. Thrombin converts fibrinogen to fibrin and is one of the major enzymes in the blood coagulation pathway. Coagulation of plasma may be a factor in the production of abscesses and endocarditis as a primary step in sealing off bacteria in a platelet-fibrin clot. This process is thought to be beneficial to the host, as the pathogens are contained in defined areas. However, recent evidence suggests that the production of bacterialplatelet-fibrin clots may also be beneficial to the bacteria. Phagocytes isolated from abscesses have been shown to be ineffective in killing bacteria,24 and, also, the production of platelet-fibrin clots around bacteria may effectively isolate them from other elements of the host defence system.
Platelet aggregation may be a prerequisite for the production and progression of abscesses or endocarditis. In a previous study, it was demonstrated that the SMG cross-reacting with Lancefield group C antisera were the only strains able to aggregate human platelets.12 The current study demonstrated that all strains reacted to some extent with rat platelets, but only strains of Lancefield group C showed complete aggregation as determined by the addition of ADP at 22 min. The other strains either aggregated platelets incompletely or caused platelet agglutination only, as ADP increased the aggregation response. Thus, the SMG types that aggregate rat platelets are the same types that aggregate human platelets. The platelet aggregation response appeared to be due to a cellsurface protein on the SMG, as protease treatment of cells prevented aggregation. Platelet aggregation did not correlate with the ability of cells to bind fibronectin, or the production of thrombin-like activity, but there was a correlation between the ability to bind large amounts of fibrinogen ( > 100 mol/cell) and platelet aggregation. Platelets are known to possess a fibrinogen receptor25 and the binding of fibrinogen to bacteria may be necessary for the subsequent adhesion to, or aggregation of, platelets.
In conclusion, the SMG possess several cell-surface characteristics that may be related to their ability to produce abscesses and endocarditis. Thrombin-like activity was demonstrated with a synthetic fluorescentlabelled substrate and was expressed by S. constellatus strains only. Only strains that cross-reacted with Lancefield group C antisera showed complete aggregation of rat platelets. All strains were able to bind rat fibronectin, the binding mediated by a cell-surface protein, and all strains tested were able to adhere to platelet-fibrin or fibrin clots. Fibrinogen binding may be a prerequisite for platelet aggregation, as strains binding large amounts of fibrinogen aggregated platelets.
used in this study.
